The goals of cancer therapy are to eliminate the transformed cells, limit the risk of local recurrence and minimise the prospect of invasive spread. In breast cancer, it is based on surgery (lumpectomy or mastectomy) and adjuvant treatment (hormonal therapy, chemotherapy and radiation). Treatment choices are difficult to make for individual patients, because there are no predictors for their specific progression risk. While an early diagnosis is critical for the successful management of the disease, the detection of early-stage lesions poses the challenge of accurately assessing the risk of breast cancer recurrence and death. Available diagnostic techniques involve a biopsy where samples of tissue are taken to confirm or eliminate the presence of cancer cells by histopathological examination. While this procedure is a standard at present, it does not detect invasive potential. The prognostic/ predictive factors most commonly used to select patients for adjuvant therapy are age, lymph node status, tumor size, hormone receptors, histologic grade, proliferation (Ki-67) and human epidermal growth factor receptor 2 (HER2). The oestrogen receptor status is used for prediction of endocrine responsiveness, Ki-67 to assess the likelihood of response to chemotherapy and HER2 status to determine the need of HER2-directed therapy. The practiced regimen can be improved if reliable molecular markers are identified to assess the aggressiveness of a tumor at an early stage. By including such an evaluation, physicians will be better able to determine appropriate treatment options for their patients.
Osteopontin has been associated with the progression of numerous types of cancer (Weber et al, 2010 Weber, 2011) , including those of the breast. The full-length form of the molecule (Osteopontin-a) physiologically acts as a TH 1 cytokine that may be secreted by macrophages and T-lymphocytes and is elevated in the blood during immune responses (Ashkar et al, 2000) . Further, the osteopontin gene (SPP1) is oestrogen responsive (Craig and Denhardt, 1991) and Osteopontin-a is secreted during lactation (Senger et al, 1989) , limiting its value as a breast cancer marker. We have identified the splice variant Osteopontin-c (He et al, 2006) to be selectively present in specific cancers including those of the breast (Mirza et al, 2008; Sullivan et al, 2009; Tilli et al, 2011) , but not in healthy tissue, and to serve as a marker for tumor grade (Mirza et al, 2008; Hartung and Weber, 2013) . These studies were done by immunohistochemistry or by real-time RT-PCR on the cancer tissues or in patient blood. A prognostic role for Osteopontin-c RNA in breast cancer has been suggested independently (Patani et al, 2008a,b) . Here, we study the value of Osteopontin-c immunohistochemistry as a prognostic indicator in breast cancer.
MATERIALS AND METHODS
Patients. The study has two source populations, comprising 671 patients. Part 1 contained 291 Polish patients who presented between 1995 and 2008 (allowing the assessment of 5-year survival). All cases refer to invasive ductal carcinoma, grades 1, 2 and 3, with subtypes including two mucinous and five tubular carcinomas. Information about the patients was received from the Department of General and Oncological Surgery, Wroclaw and from the Division of Oncological Surgery, Walbrzych, Poland. The inclusion criteria were size of tumor not 450 mm and no adjuvant chemotherapy. For all patients, who met these criteria, paraffin blocks were available for evaluation. The data comprised also information about pathological TNM, BRCA1 status, HER2, ER and PR status, and family history (other cases of invasive breast carcinoma in the family). The study was approved by the local ethics committee in Wroclaw, Poland. Part 2 was a defined collection of women diagnosed with breast cancer in the Uppsala-Ö rebro region in [1993] [1994] [1995] [1996] [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] . Information about the patients was derived from the Uppsala-Ö rebro Breast Cancer Register, which is a population-based clinical database with coverage of over 98%. Inclusion criteria were tumor size not 450 mm, no lymph node metastases and no adjuvant chemotherapy. Within this cohort, cases were defined as women who died from breast cancer. About 240 cases were identified using the regional quality register for breast cancer and the national register for causes of death. Controls were women alive at the time of the corresponding case's death. For each identified case, one control was randomly selected. About 50 cases and corresponding controls were excluded from the study for not fulfilling the inclusion criteria after reviewing data from patient files and pathology reports or because of missing tumor blocks: 26 patients had new/contralateral or locally advanced breast cancer, in 12 patients no paraffin blocks were found, 6 patients had non-breast cancer death, 4 patients had distant metastases at diagnosis, 1 patient received adjuvant chemotherapy and 1 patient Osteopontin-exon 4 is exclusively cytoplasmic, Osteopontin-c is predominantly nuclear and panOsteopontin distributes in both compartments. The differences between nuclear and cytoplasmic staining intensity were assessed by t-test and a P-valueo0.05 was considered significant. NS, not significantly different.
had no breast surgery performed. The study was approved by the local ethics committee in Uppsala, Sweden.
Immunohistochemistry. (Mirza et al, 2008; Sullivan et al, 2009 Sullivan et al, , 2011 Tilli et al, 2012; Pang et al, 2013; Zhang et al, 2013; Ortiz-Martínez et al, 2014) . It was diluted at 1 : 500 to 1 : 700. The polyclonal rabbit antibody LF161 for selectively staining exon 4 (present in Osteopontin-a and -b) was used at 1 : 1000. For each antibody, the tissues were scored for intensity (maximum intensity of the sample 0, 1, 2 or 3) and per cent positivity (low ¼ 5 (0%-10%), medium ¼ 30 (10%-50%), high ¼ 75 (50%-100%)), separately for nuclei and cytoplasm (Dabbs, 2010) . In the Polish cohort, for each antibody a formalin fixed and paraffin-embedded biopsy specimen from cancer tissue was cut on a microtome in 5 mm slices. All microscopic slides were independently evaluated by two pathologists and in the rare cases of discrepant initial scores a final score was agreed after discussion. In the Swedish cohort, all tissues were represented twice on the arrays. There was a good correlation between the scoring results from the two biopsies, specifically for the intensity scores. For the Polish cohort, the EnVision kit from Dako (Carpinteria, CA, USA) was used as a detecting system in a Dako stainer. For the Swedish cohort, rehydrated sections of paraffin-embedded tissues were developed in Ventana's (Tucson, AZ, USA) Benchmark XT stainer using their CC1 (heated EDTA) antigen retrieval solution. For visualisation, after incubation with biotinylated, species-specific, donkey-raised secondary antibodies and avidin-conjugated peroxidase, DAB (brown) and hematoxylin were used.
Statistics. The primary method for addressing the study purposes was logistic repression. The odds of death were evaluated with respect to pathology scores and clinicopathological variables. In the logistic model, category 0 served as the baseline to facilitate the identification of a possible linear trend in death percentages with increasing staining levels. Odds ratios estimate the odds of death for a one-unit increase in the independent variable. Each cohort was analysed separately, the data were combined for both cohorts when appropriate. First, standard logistic regressions of the pathology scores were performed combining data from both cohorts, modelled continuously to detect a linear trend in the odds of death with respect to increasing score levels. Unadjusted odds ratios and 95% confidence intervals were calculated. Logistic regressions were also analysed to investigate the effects of the components of pathological scores on the odds of death. Each cohort was analysed separately. The nuclear Osteopontin-c staining values for both cohorts were evaluated for combined data, after a cohort indicator variable was added to the model. The biomarkers Osteopontin-c and Osteopontin-exon 4 were also analysed multivariately. Each model contained either Osteopontin-c or Osteopontin-exon 4 and each other biomarker (tumor size, tumor stage, lymph node involvement, HER2, progesterone receptor or oestrogen receptor), added one-at-a-time. Firth logistic regressions were performed to achieve model convergence, due to unbalanced and small numbers in the categories of some biomarkers. Firth's penalised likelihood is a method of addressing issues of separability and bias of parameter estimates (Firth, 1993 ). The optimum model was determined by minimisation of the Akaike Information Criterion (Akaike, 1974) .
Correlations between Osteopontin-c and clinicopathological variables were assessed with Pearson's correlation test. Correlation coefficients of 0.1 to 0.3 are considered weak, 0.4-0.6 is moderate correlation and 0.7-0.9 is strong correlation. Analyses were performed using SAS, Version 9.4 (SAS Institute, Cary, NC, USA) and SPSS version 20. A P-value of 0.05 indicates statistical significance, unless stated otherwise.
RESULTS
Patient characteristics and immunohistochemistry. In the Polish cohort, 97 women died from breast cancer within 5 years, while 194 women were alive after this observation period. The average age was 60 years for non-survivors and 56 years for survivors.
In the Swedish cohort, 190 women who died from breast cancer were defined as cases and 190 women alive at the time for the corresponding cases' deaths were defined as controls. The average age was 66 years for cases and 61 years for controls. Among all patients, 253 (70.7%) had a tumor size o20 mm, while 105 (29.3%) had tumours with diameters of X20 mm. The average tumor size was 20 mm for cases and 16 mm for controls (Ahlin et al, 2009; Niméus-Malmström et al, 2010) . All patients, comprising both cohorts, underwent surgery consisting of either modified radical mastectomy with axillary dissection, or conservative breast surgery with axillary lymph node dissection and post-operative irradiation of the breast (Table 1) .
The anti-pan-Osteopontin antibody showed positive staining mostly in the cytoplasm. About 261 samples (68.7%) had higher per cent positivity in the cytoplasm than in the nucleus, while 26 (6.8%) samples had higher per cent positivity in the nucleus than in the cytoplasm. The staining intensity was comparable between the compartments, with 115 samples (30.3%) displaying higher staining intensity in the cytoplasm, while 138 samples (36.3%) had higher staining intensity in the nucleus; the intensity score was equal between cytoplasm and nucleus in all other specimens. Over 50%
Under 50% Over 50% Figure 2 . Kaplan-Meier survival curves. Shown are the survival curves of the Polish cohort for up to 5 years related to intensity or per cent positivity of Osteopontin-c or Osteopontin-exon 4. Of note, due to the design chosen for the Swedish breast cancer material (case-control design, where controls were sampled by incidence density sampling) it is not possible to calculate Kaplan-Meier curves. The mean time from diagnosis to recurrence for the Swedish patients was 1238 days for Osteopontin-c nuclear intensity 0, 1181 days for 0.5-1, 1130 days for 1.5-2 and 1081 days for 2.5-3.
The anti-Osteopontin-exon 4 antibody, which recognises Osteopontin-a and -b, selectively stained the cytoplasm. Most tumours displayed Osteopontin-c predominantly in their nuclei. In the Swedish cohort, 239 samples (62.9%) had higher staining intensity in the nucleus, while only 46 samples (12.1%) had higher staining intensity in the cytoplasm (Figure 1 ).
Osteopontin variants and risk of breast cancer death. The correlation of staining intensities for Osteopontin-c with patient survival indicated that with higher levels of staining the odds of death increase linearly (Table 2A) . Therefore, the simple and powerful linear model of correlation was subsequently applied. By univariate analysis, the staining intensity of Osteopontin-c in the nucleus is a negative prognostic indicator for patient survival in each cohort and in a combined evaluation adjusted for group. However, the per cent positivity of the staining shows essentially no prognostic association. The staining intensity, but not per cent positivity, for Osteopontin-a and -b in the cytoplasm (antiOsteopontin-exon-4 antibody) is prognostic for a high risk of death ( Figure 2 ). By contrast, the anti-pan-Osteopontin antibody is not predictive, showing no significant correlations with prognosis (Table 2B) . We performed multivariate analyses on Osteopontin-c staining intensity or Osteopontin-exon 4 staining intensity, accounting for tumor size, lymph node involvement, tumor grade, HER2 status, progesterone receptor status and oestrogen receptor status. In both cases, the primary marker maintained significance at the 0.01 level, individually and combined. The best model, according to the minimisation of the Akaike information content is the combination with HER2, followed by oestrogen receptor, progesterone receptor, tumor size, lymph node involvement and tumor grade (Table 2C ). The multivariate analysis of the Swedish cohort yielded comparable results for Osteopontin-c nuclear staining intensity and oestrogen receptor (odds ratio 1.60, 95% confidence interval 0.85-3.01, P-value ¼ 0.14), tumor size (odds ratio 1.06, 95% confidence interval 1.03-1.1, P-value ¼ 0.001) or tumor grade (odds ratio 1.63, 95% confidence interval 1.07-2.48, P-value ¼ 0.02). We further assessed whether the combination of the various readouts for Osteopontin staining would increase the prognostic value over the individual measurements. Only nuclear Osteopontin-c intensity plus cytoplasmic Osteopontin--exon-4 intensity resulted in significant P-values, 95%-confidence intervals over 1.00 and a low Akaike information content compared with the other pairs of readouts tested (Table 2D ). There may be a moderate gain in prognostication from this marker combination.
Correlations of Osteopontin forms to each other and to clinicopathological variables. As past immunohistochemistry studies have mostly used anti-pan-Osteopontin antibodies, it was important to compare the anti-Osteopontin-c (IgY) staining to the anti-pan-Osteopontin (O-17) staining. There was no correlation. However, cytoplasmic exon 4 staining intensity and nuclear Osteopontin-c staining intensity correlated moderately, consistent with the prognostic value of each marker for patient survival. For all antibodies, there was a moderate correlation between staining intensity and per cent positivity in the same compartment (Table 3) .
From previous analyses of the cohorts under study, we had information on proliferation markers, as well as ER, PR and HER2. Expectedly, the proliferation marker Ki-67 correlated with cyclins, which are drivers of cell cycle progression, and with ER, which is a growth factor receptor. Likewise, the cyclins correlated among each other, and family history correlated with BRCA1 status. By contrast, there were no strong or moderate correlations between the abundance of Osteopontin-c or Osteopontin-exon 4 and any of these clinical variables ( Table 4 ), suggesting that the Osteopontin splice variants provide readouts for tumor characteristics that are distinct from those associated with the main growth-regulating molecules. 
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DISCUSSION
Our present finding that Osteopontin-c immunohistochemistry is a predictor of patient survival in breast cancer, which does not correlate with cyclins, receptor status or family predisposition, adds to previous reports that this splice form is an independent biomarker. In breast cancer tissue, Osteopontin-c (measured by real-time RT-PCR or immunohistochemistry) was present in over 75% of cases and served as an indicator of tumor grade (Mirza et al, 2008; Patani et al, 2008b; Pang et al, 2013) . Pan-Osteopontin or Osteopontin-c showed no association with ER, PR or HER2, but Osteopontin-c was highly expressed in triple negative breast cancer (Mirza et al, 2008; Weber et al, 2011; Weber, 2011; Pang et al, 2013; Ortiz-Martínez et al, 2014) . The multivariate analysis of this study (Table 2C) corroborates the prior observation that the diagnostic and prognostic values may be enhanced by combining Osteopontin-c with the receptor status of the cancer (Mirza et al, 2008) . Osteopontin-c in breast cancers was reported to correlate with relapse (Pang et al, 2013; Ortiz-Martínez et al, 2014) or poor survival (Patani et al, 2008a,b) . In the blood, breast carcinomas were associated with significantly higher levels of Osteopontin-c mRNA than carcinomas in situ. An elevation in Osteopontin-c RNA of 2 s.d. above the normal mean value detected a fraction of breast cancers, suggesting some heterogeneity within those types of tumours (Hartung and Weber, 2013) . We conclude that patients with Osteopontin-c-positive breast cancers should consider adjuvant therapy to be mandatory. The Osteopontin gene encodes for a signal sequence at the N-terminal end of the molecule, and the protein is secreted. Consistently, the immunohistochemical signal for osteopontin is typically high in the perinuclear compartment, reflecting its transport through Golgi apparatus and endoplasmic reticulum for secretion. However, it has been described that Osteopontin may reach the nucleus of cells (Junaid et al, 2007) and we have previously observed, but not scored, nuclear staining for Osteopontin-c in breast cancer (Mirza et al, 2008) . As the autocrine function of Osteopontin in breast cancer is inhibitable by neutralising antibodies (He et al, 2006) , it is implied that the splice variant-c of the protein is secreted, taken back up and transported into the nucleus. The antibody to exon 4 detects mostly Osteopontin-a, as Osteopontin-b is barely expressed in breast cancer cells (Mirza et al, 2008) . The anti-Osteopontin-exon-4 
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Pearson correlation 0.585 antibody stains the tumor cell cytoplasm, suggesting that Osteopontin-a is not subject to nuclear uptake. The Osteopontin amino acid sequence reflects the presence of strong internalisation signals and adjacent pairs of basic amino acids, which is consistent with the possibility of nuclear import. The reason for the preferred nuclear localisation of Osteopontin-c compared with the preferred cytosolic staining for Osteopontin-exon 4 is unknown. It is not explained by the positions of the internalisation signals, which are common to all splice variants. Osteopontin has been studied as a cancer progression marker for many years (Weber et al, 2010 Weber, 2011) . However, the molecule has not found entry into clinical diagnostics. This may, in part, be due to the numerous post-translational modifications that create diverse forms of the Osteopontin protein, and in breast cancer to the oestrogen responsiveness and Osteopontin expression with the oestrous cycle. Improving current methods, antibodies are available to selectively detect Osteopontin splice variants. The abundance of exon 4 in the cytosolic compartment (distinct from the localisation of Osteopontin-c) effectively indicates prognosis. Osteopontin-c may be a more highly suitable disease progression marker as it is not subject to the background noise resulting from the physiologic production of Osteopontin in the breast (Osteopontin-c is absent from healthy cells). The amino acids in the immediate proximity of the Osteopontin-c splice junction are also not affected by the posttranslational structural variations that characterise the protein.
Although Osteopontin splicing requires the synthesis of full-length RNA as an initial step and Osteopontin-c is never expressed without Osteopontin-a, the levels of these forms do not correlate (possibly because the rates of RNA synthesis and splicing are uncoupled, possibly due to differences in RNA or protein stability). Of note, the poor prognostic value of pan-Osteopontin staining together with the poor correlation between Osteopontin-c immunohistochemistry and pan-Osteopontin immunohistochemistry suggests that the distinct forms of the protein contribute variably to the pathophysiology of breast cancer, and that the measurement of total Osteopontin may even compromise the value of the progression biomarker compared with Osteopontin-c (or exon 4) alone.
Although a meta-analysis found the presence of Osteopontin, measured by various assays, to be predictive of poor survival of breast cancer patients (Weber et al, 2010) , the literature describing the prognostic value of pan-Osteopontin immunohistochemistry on primary tumours is not consistent. When detected with antibody MBIII (Rudland et al, 2002) or MAb53 (Tuck et al, 1998) , pan-Osteopontin staining is associated with poor patient survival. Staining with antibody mab1433 indicates an association with disease-free survival, but not with overall survival (Wang et al, 2008) . By contrast, no association with survival is revealed with antibody LFMb-14 (Kim et al, 1998) , and the same result is obtained here with antibody O-17. The apparently conflicting outcomes may be explained with the distinct epitopes recognised by the diverse anti-pan-Osteopontin antibodies. As the target molecule is subject to extensive post-translational processing, additional variables are introduced at specific domains and may affect prognostication. A focus on the splice variants largely eliminates this confounding component.
